Abstract-For hybrid electric vehicles (HEVs), the well-studied fuel economy optimization approaches will usually implement frequent engine starts/stops, which can significantly impact the catalyst temperatures and performances of the aftertreatment systems. This paper aims to simultaneously optimize fuel economy and reduce tailpipe emissions for HEVs coupled with aftertreatment systems. First, a control-oriented model is developed by systematically incorporating HEV models with aftertreatment thermal dynamic models, both of which have been experimentally validated. The integrated model is capable of predicting engine-out gas temperature and NO x emissions and simulating the temperature dynamics of the aftertreatment systems. Additionally, post injections' characteristics are investigated and modeled. An aftertreatment warm-up approach is developed by strategically enabling double post injections. Eventually, a supervisory controller is designed to optimize the post-injection ratio and the torque split ratio of HEV powertrains. The controller designed is rooted in a model predictive control (MPC) scheme, and it has an intuitive interpretation in terms of operating costs. The validation results show that the controller can significantly reduce the warmup time and can successfully regulate the catalyst temperature to the desired range with a reasonable sacrifice of fuel economy for HEVs.
I. INTRODUCTION
H YBRID electric vehicles (HEVs) have gained increasing popularity due to their relatively high fuel economy and low emissions. Most of the researchers focused on improving HEVs' fuel economy [1] - [4] or reducing engine-out emissions [5] . It has been reported that a tradeoff exists between engineout emissions and fuel economy [5] - [7] . One can see on a typical engine's torque-speed map, as shown in Fig. 1 , that the locus of the maximum efficiency does not necessarily overlap with the locus of optimum emissions. Thus, the optimal control strategy needs to balance the optimization goals of lower Manuscript received October 28, 2014 ; revised January 2, 2015; accepted February 11, 2015 . Date of publication February 20, 2015 ; date of current version March 10, 2016 . This work was supported in part by the U.S. Department of Energy under Award DE-PI0000012. The review of this paper was coordinated by Dr. S. Anwar.
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Digital Object Identifier 10.1109/TVT.2015.2405918 energy usage and lower emissions with proper compromise on both sides. Even for the inherently low-emission HEVs, various exhaust aftertreatment systems are indispensable to meet the more and more stringent emission standards. Although much effort has been devoted to reduce engine-out emissions, it is also practical to study the reduction of tailpipe emissions. Clearly, the HEV energy management strategies that solely aim at better fuel economy can impact the performance of the aftertreatment systems, thereby leading to higher tailpipe emissions.
For HEVs with spark-ignition engines, several articles [6] - [8] have presented thermodynamic models of three-way catalytic converters (TWCs) and described their conversion efficiency as a function of the catalyst temperature. In [6] , a cold-start supervisory control algorithm based on dynamic programming methodology has been proposed to optimize the HEV cold-start process. However, in diesel-electric hybrid powertrains, a typical set of aftertreatment systems, which can be composed of devices such as a diesel oxidation catalyst (DOC), a diesel particulate filter (DPF), and a selective catalytic reduction (SCR) system, is more complicated and more delicate compared with TWC. Thus, the integrated modeling and control of these systems are more challenging. To the best knowledge of the authors, no publications so far have concentrated on studying the simultaneous optimization of fuel consumption and tailpipe emissions in diesel-electric hybrid vehicles coupled with a full set of the aforementioned diesel aftertreatment devices.
In a DOC, the oxidation reactions, including oxidations of carbon monoxide (CO), nitrogen oxide (NO), and total hydrocarbon (THC) emissions, efficiently take place only if the catalyst temperature is higher than 200
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the light-off temperature of DOC. A DPF needs the temperature inside the filters to be higher than the light-off temperature so that soot regeneration can occur [9] . In addition, the zeolitebased SCR system can function well only when the catalyst temperature is maintained within the range of 250
• C-400 • C [10] , [11] . Out of this range, the injected urea solution cannot be completely evaporated and converted into ammonia below 200
• C, whereas above 450 • C, the SCR ammonia storage capacity will start to decrease and the ammonia may be converted into nitrogen, which also leads to a low de-NO x efficiency [12] . Clearly, the temperatures of these types of aftertreatment devices should be brought up to the appropriate ranges to make them functional and of high efficiency. However, due to the extra power source from the electric motor (EM) in HEVs, engines can frequently operate in low speed and low load range. Although engine-out emissions may be reduced by less usage of engine power, it may cause longer warm-up time for aftertreatment systems. As a result, the catalysts will stay at low temperature levels and the whole emission reduction system can become less effective, which may eventually cause significant tailpipe emissions [5] . Thus, to optimize the emissions, it is important to find an efficient thermal management strategy to quickly heat up the aftertreatment device without jeopardizing the benefits brought by electrification. In the literature, several aftertreatment warm-up strategies have been proposed for conventional diesel vehicles [13] - [15] , which can be inspirational for the adoption in HEVs.
In [13] , a method was introduced to achieve a lower air/fuel ratio by throttling the intake air, which results in higher combustion temperatures and higher exhaust temperatures. Similar methods had been widely used to increase the exhaust temperature for DPF regenerations [16] . The exhaust temperature can be also increased by advancing the injection timing, i.e., the start of injection (SOI) of main injection. In [14] , a series of studies on aftertreatment warm-up strategies was conducted by cooperatively modifying SOI and variable-geometry turbocharger settings. Ideally, it does not require additional fuel consumption, which was claimed by the authors. However, there are some major concerns of this approach: Normally, advancing SOI will substantially increase the formation of NO x , and introducing a large amount of exhaust gas recirculation (EGR) may not be implementable for all operating points. In [15] , the maximum exhaust temperatures can be reached by applying various thermal management strategies that were summarized and compared in Fig. 2 . The experimental data were obtained from a turbocharged diesel engine. It is shown that, among these strategies, applying post injections gave the best stretch on the exhaust temperature increase, which shows the potential to be utilized for the aftertreatment warm-up in HEVs.
In diesel engines, post injections were originally used for the purpose of DPF regeneration. Many methods on temperature control have been proposed for DPF regeneration [16] , [17] . With the flexibility provided by the modern common rail injection systems, multiple injections can be implemented for better combustion and emissions. In this paper, two typical post-injection events are considered. A post injection with a relatively early SOI, which is close to the top dead center (TDC) or the main injection, is named early post injection or simply denoted as P1 in this paper. It is capable of elevating the engine-out gas temperatures as most part of the fuel will be burned in the cylinders, which leads to higher exhaust gas enthalpy. A second post injection with a relatively late SOI is named late post injection or denoted as P2. As the SOI of post injection is retarded further from the TDC, larger amount of THC is left to skip into the engine-out exhaust gas without complete combustion. The THC species then can be oxidized inside the DOC given sufficient high exhaust gas temperatures; thus, the aftertreatment system temperature can be largely increased [9] .
The aforementioned thermal management strategies were all investigated on conventional engines only. It is more challenging for hybrid electric powertrains to warm up their aftertreatment systems. This paper presents a strategy for HEVs to raise the catalyst temperature by effectively acting on the post injections. Despite the additional fuel consumption associated with the post injections, it can achieve quite a few benefits in the long run.
There are five major contributions of this paper. 1) A parallel HEV model and a thermodynamic model of dieselengine aftertreatment systems were systematically incorporated so that their interactions can be studied. 2) Static maps were added to the model to conduct engine-out NO x emissions and SCR de-NO x efficiency prediction.
3) The influences of post injections on the engine-out and aftertreatment temperatures were analyzed and modeled. 4) An innovative post-injection strategy, which employs both early and late post injections, was developed to elevate the temperature of aftertreatment systems and to avoid excessive cold-start emissions. 5) A locally optimal control algorithm based on a model predictive control (MPC) method was designed, which not only optimizes fuel consumption but also simultaneously regulates catalyst temperature to reduce tailpipe emissions.
The remainder of this paper is organized as follows. First of all, the details about system modeling will be introduced in Section II. The model predictive controller design will be discussed in Section III. Simulation results will be presented in Section IV, followed by some conclusions in the end in Section V. II. SYSTEM MODELING A schematic of a typical parallel diesel-electric hybrid vehicle coupled with an aftertreatment system is shown in Fig. 3 . The major components of the system include a diesel engine and its complete aftertreatment devices, including DOC, DPF, and SCR; an EM; a battery; and control units. The framework of this integrated model has been proposed in the authors' previous conference paper [19] . In this paper, the focus of the modeling part will be the integration of the post injection with the models of engine and aftertreatment systems.
A. Vehicle
The validation of the proposed MPC method will be conducted on a calibrated HEV simulator whose system parameters are abstracted from an actual HEV city bus. Some of the key parameters are provided in Table I . 
B. EM and Battery
The EM and battery are modeled as a typical equivalent circuit model, and the power of the EM can be calculated as
where η EM (T EM , ω EM ) is the EM power efficiency, which is a function of the EM torque T EM and speed ω EM and is defined by an efficiency map. The model and the map are built based on the parameters of synchronous motors, which are used in the HEV city buses [4] . Some of the parameters are given in Table II . The state of charge (SOC) of the battery can be calculated by the following equation:
where SOC ini is the initial SOC of the battery, I is the current through the battery, and Q denotes the battery capacity. Some parameters of the battery are given in Table III . 
C. Engine Model
The engine model in the system is built upon and experimentally validated against a medium-duty diesel engine equipped with a dual-loop EGR system (both high-pressure-loop EGR and low-pressure-loop EGR). In addition, some of its key parameters are given in Table IV . The engine temperature and emission maps are created from a large number of steady-state measurements, with the operating points shown in Table V . The engine speed varies from 750 r/min up to 2400 r/min, whereas the engine torque is increased from low to high for each reference speed.
For the purpose of simplification, the exhaust temperature and engine-out NO x emissions are predicted by quasi-stationary calculations. The NO x emission map given in the model uses engine speed and torque as the inputs. At each engine operating point, the formation of NO x can be affected by many factors such as ignition timing, fuel ignition quantity, air/fuel ratio, and EGR level. However, the steady-state NO x formation rate can be well predicted using the experimentally obtained map without analyzing the complicated and combined influences of these factors. In addition, quasi-stationary emissions and fuel consumption during transient test cycles can be calculated using these engine maps as well. At each time step of the simulation, all that is needed is a simple interpolation of map, which greatly reduces the modeling complexity and computational demands.
D. Post Injections
With the governments' regulations on emissions becoming more stringent, various injection strategies have been explored to conduct cleaner combustion. It has been widely reported that splitting the fueling into multiple injections within a single engine cycle can significantly reduce peak cylinder pressure, combustion noise, and pollutant emissions [21] - [23] . Although the post-injection strategy have been widely researched and applied for diesel engines, the purpose and implementation of post injections in this paper are quite different. In previous studies, to avoid significant fuel penalty and reduce soot emissions, the post-injection amount is quite limited and the dwell angle range between the main injection and post injection is usually restricted to be less than 40 crank angle degrees (CAD). However, when in-cylinder post injection is considered as a measure for active thermal management of the aftertreatment systems, the injection amount needs to be increased, and the dwell angle may need to be considerably prolonged to generate a large amount of THCs into the exhaust gas.
In the authors' previous work [9] , experiments have been done on the engine to identify the influence of post injections on the engine-out temperature increase and the engine torque increase. In the test, three reference engine speeds were selected as 1000, 1400, and 1800 r/min. For each speed, the engine pedal was kept constant. Two post-injection rates are investigated, namely, 2 mg/stroke/cylinder and 4 mg/stroke/cylinder. The SOI for each post-injection rate ranged from 20 CAD after TDC (ATDC) to 150 CAD ATDC. In addition, the experimental data are shown in Figs. 4 and 5.
It is shown that, while the post-injection SOI timing is retarded, the combustion's completeness of post-injected fuel is exponentially decreasing reflected by the engine torque output and cylinder-out gas temperature. Once the post-injection timing is retarded beyond 150 CAD ATDC, the influences of in-cylinder post injection on the cylinder-out temperature and the torque output become ignorable.
Based on the observation, the following empirical equation is utilized to describe the correlation between the post-injection timing and the in-cylinder combustion completeness η p [9] :
where ζ p represents the SOI timing of the post injection, and ζ * p denotes the critical SOI timing where the combustion of postinjected fuel becomes incomplete. ζ * p and constants k 1 and k 2 are identified using the experimental data.
In this paper, a double-post-injection strategy, which includes early post injection denoted as P1 and late post injection denoted as P2, is implemented. The early post injection is close enough to the main injection such that most of the fuel can be still burned in a flame and introduces heat into the combustion chamber. Meanwhile, the SOI of early post injection is also rather late during the expansion when the thermodynamic efficiency becomes low and most of the released heat contributes to the increase in the exhaust gas temperature instead of outputting engine power. Different from the early post injection, majority of the late post injection is not able to burn in the combustion chamber. Therefore, high THC emission is generated and then combusted in DOC.
The heat release rate (HRR) due to each post injection can be calculated as a function of injection rate and SOI timing as in [9] 
whereQ p,cyl denotes the in-cylinder HRR associated with each post injection, whose injection rate isṁ p . Fig. 4 . Engine-out temperature increase caused by post injection [9] . Provided that the in-cylinder conditions are not significantly disturbed by post injection, the cylinder-out gas temperature increase caused by each post injection can be determined by
Without the disturbances from the post injection, the engineout temperature can be obtained as a function of engine speed and torqueT
Then, the exhaust temperature when post injections come into play can be calculated as
The composition of THC emissions from engine cylinders is extremely complicated. It is almost impossible to calculate each THC species' influence on the DOC temperature dynamics. Instead, one virtual emission species is created without differentiating the THC species. It is assumed that the mean heating value of the virtual emission species is a function of SOI of the post injections only.
The mean heating values of THCs generated from P1 and P2 can be modeled by (8) provided that the in-cylinder conditions are not significantly disturbed by post injections as follows:
where LHV diesel denotes the lower heating value of diesel fuel. Based on the experimental data, it is discovered that the HRR from the exothermic reactions inside the DOC is proportional to the post-injection rate for both P1 and P2. Therefore, a simplified HRR model describing the oxidation of THC in DOC is proposed as follows:
E. Aftertreatment Systems
The aftertreatment devices, namely, DOC, DPF, and SCR, are sequentially connected in this paper. To investigate the catalyst temperature, it is necessary to build up a cascaded thermodynamic model for all the devices. The thermodynamic models of aftertreatment systems have been widely studied in the past decade. In [12] , a lumped parameter DOC temperature model was proposed, and the model was reported to agree with the experimental data well. In [24] , a lumped parameter model for DPF temperature dynamics was presented. In [25] , the focus is on developing an integrated model of DOC and SCR. It has been proved that such control-oriented models can capture the major temperature dynamics while their simple forms are suitable for real-time control purpose. In the authors' previous work [9] , an integrated thermodynamic model of DOC, DPF, and SCR was developed. Since post fuel injection has a considerable impact on the engine-out gas temperature and the aftertreatment system temperature, it was also integrated into the control-oriented model. Here is a brief review of the models, whereas the details of the model validation process and the values of the coefficients can be found in [9] .
To build up control-oriented models, it can be assumed that all the DOC, DPF, and SCR devices are perfect heat exchangers without loss of generality, in which the outlet temperature is the same as the temperature of the catalyst. It is also assumed that the temperatures are uniform along the axial length. The exhaust temperature will be slightly reduced before the exhaust gas reaches the catalyst. This is related to heat transfer to and from the exhaust system. In this model, it is assumed that the heat conduction between the engine and the exhaust system is small enough to be neglected.
The temperature models can be simplified and summarized in the following state-space form, as in (10), shown at bottom of the page, where c j and m j denote the specific heat and mass of each device, and j ∈ [DOC, DPF, SCR]. T ex is the engineout temperature, which is provided by the engine model based on the engine speed/torque operating condition. In addition, T a is the atmosphere temperature, which is assumed to be constant. The coefficients of each polynomial term are calculated by
where c p,g is the specific heat of exhaust gas;ṁ ex is the mass flow rate of exhaust gas entering the aftertreatment systems; k out,j represents the heat radiation coefficient; A out,j is the heat convection coefficient; and α out,j is the heat transfer coefficient. In (10),Q DOC denotes the HRR from the oxidation reaction in DOC,Q soot is the HRR of soot oxidation in the DPF, and ΔH i is the enthalpy of formation for the various de-NO x chemical reactions in SCR. However, to simplify the model and to focus on the influence of post injections on aftertreatment systems, the heat release from soot oxidation and the chemical reactions in SCR are not considered in this paper. All the other model parameters are identified by minimizing the least square errors between the model simulation results and the experimental data collected from the test bench.
The oxidations reaction of THC, CO, and NO in DOC can be described by
First of all, the heat release from the oxidation of CO and NO is much lower than that from THC. Second, the THC concentrations from pilot and main fuel injections can be neglected compared with the THC generated from post injections. Therefore, without introducing significant errors, only the exothermic reactions of THC from post injections are considered in the model development. Moreover, it is reasonable to assume that, once the light-off temperature of DOC is reached, its DOC's oxidation efficiency is high enough such that almost no CO or THC will slip downstream. In addition, soot should be captured by the DPF and periodically burned. Therefore, in the model, it is assumed that only NO x will go into SCR if DOC and DPF are functioning well.
In SCR, the de-NO x efficiency is affected by catalyst temperature, the ammonia storage on the SCR catalyst, and the injection control of urea solution. For example, insufficient urea injection may cause some unconverted NO x passing through the cell; on the other hand, overdosing of urea will lead to toxic ammonia to be emitted from the tailpipe. Since the chemical reactions inside of SCR and urea injection control are out of the scope of this paper, it is assumed that, if the catalyst temperature reaches the target range, then SCR can convert most part of engine-out NO x provided that a reasonable urea injection control strategy is designed [26] . A static map of conversion efficiency, which is given in Fig. 6 , is currently used to represent the dependence of SCR's de-NO x capability on the catalyst temperature. 
III. CONTROLLER DESIGN
Due to the ever-growing complexity of vehicle systems, it is no longer straightforward to optimize the overall performance of a system, and the calibration efforts have exponentially increased during the past decade. Therefore, it has become inevitable to introduce model-based control design methodologies for the optimization of integrated HEV systems. Based on the model previously developed, the architecture of the HEV's control is developed as a two-level controller. The upper level controller's task is to emulate the driver's reaction with respect to the vehicle speed tracking, which includes a simple energy management strategy block. This strategy controls the torque request to the engine and motor to satisfy the torque from the driver at any time
where α is the accelerator command, and β is the brake command. Based on the total torque request, the lower level controller will determine the desired engine torque, EM torque, and the states of the clutch (either engaged or disengaged). The ratio between engine torque and total request torque is defined as the HEV torque split ratio, which is denoted by τ . In addition, the lower level controller needs to find the optimal post-injection strategy as well, which mainly defines the injection ratio γ between late post injection and main injection. The details about γ will be discussed in the latter part of this section.
A model predictive controller is employed to find the local optimal control strategies. The methodology of MPC can now be found in a wide variety of application areas, including automotive, robotics, aerospace, etc. [27] . It has been utilized for HEV fuel economy optimization before [3] , [4] , [28] . Here is a brief review of the MPC algorithm, as shown in Fig. 7 . Based on the initial conditions at current time step, the controller calculates the optimal inputs in a prediction horizon to minimize the cost function subject to constraints; then only the first portion of the derived optimal inputs will be implemented on the system; at the next time step, the entire prediction horizon will be moved forward, and the whole process will be repeated until the end of the process.
The scheme of the MPC algorithm is designed based on the previously integrated control-oriented HEV model, and cost function will be constructed from the insight into system characteristics and the optimization requirements. In this paper, early and late post injections are applied for different control purposes according to their respective characteristics and advantages. Early post injection is implemented to light off the DOC, whereas late post injection is activated afterward to further heat up the devices to the desired temperature range.
Post injections with fixed SOIs are implemented to clearly differentiate the functions of two post injections and for the simplification of the model. For early post injection, the SOI is fixed at 30 CAD ATDC, which is normally near the end of the combustion of main injection fuel [23] . If the early post injection is too close to the TDC or the main injection events, it might cause noticeable change to the engine-out emissions; on the other hand, if the early post injection is too far from the TDC, it becomes inefficient in elevating the engine-out temperature. The SOI of late post injection is chosen to be 120 CAD ATDC; thus, most part of the injected fuel will enter DOC as THC without much heat loss in the cylinders.
In addition to the injection timing, the quantity of each postinjection event is also critical. In this investigation, the injection quantity of P1 is kept at a constant low level, which is about 50% of main injection's amount when the engine is idle. The rationale for this choice is given as follows. 1) P1 is used to help the DOC reach light-off temperature. Higher P1 injection rate can obviously shorten the warm-up time; however, before DOC is lit off, it has little capability in converting THC. Too much P1 injection will lead to high tailpipe THC emissions at the beginning of cold start. 2) Since P1 is relatively close to TDC, when the in-cylinder pressure and temperature are very high, additional NO x emissions generated from high P1 injection will become noticeable. 3) As discussed in the model development, (5) holds only if the in-cylinder conditions are not significantly changed by post injection. Thus, the injection amount should be carefully selected by balancing the warm-up speed and the other limitations.
Compared with P1, P2 is far from the main injection and has little influence on the in-cylinder conditions. Thus, it is more flexible in the selection of injection quantity. The injection quantity ratio of P2 to the main injection is defined as postinjection ratio γ, which is used as a controllable variable in the optimization process. Considering the physical limitation of injectors and the concerns of THC emission spikes, a constraint of γ is empirically defined as γ ≤ 0.5 (16) which suggests that P2 should be less than half of the main injection at any engine operating point. Although P2's injection amount can be much higher than that of P1, it has much less influence on the engine torque due to its late injection timing. Thus, only the torque difference caused by P1 is considered in the model. Moreover, the additional engine torque attributed to P1 can be estimated based on the experimental data given in Fig. 5 .
The cost function at the kth prediction horizon to be minimized can be written as follows:
whereṁ f is the total fuel consumption rate (P1 included), and a is the weighting factor that defines the equivalent ratio between SOC and fuel consumption. ΔT SCR is the SCR temperature deviation from the ideal range. b is a weighting factor that determines the tradeoff between energy consumption and tailpipe emissions, and the tailpipe emission level is assumed to be correlated with ΔT SCR . In addition, it is defined in such a way that it becomes zero when it enters the desired temperature range
(18) The minimization subjects to the following constraints:
where the boundaries of battery SOC, engine speed and torque, and motor torque are all considered. To reduce the range and computation efforts for the algorithm to search for the optimal τ , an empirical upper limit is set to be 5, which suggests that the maximum engine torque should not be five times higher than the total demanded torque. Moreover, the upper limit of postinjection ratio is also considered. The HEV will begin the driving cycle with a cold engine and aftertreatment systems. Then, the warm-up process will be going through two phases: before DOC light-off and after DOC light-off. The control algorithms for two phases are different.
Phase I: Before DOC light-off, early post injection is enabled while late post injection is disabled. The reason to disable P2 is that the oxidation reaction in DOC is inefficient before the desired catalyst temperature is reached. In such a condition, activating P2 does no good to elevating device temperature; instead, it will cause too much THC emissions in the tailpipe. In phase I, the control objectives are 1) to raise DOC temperature above the light-off temperature and 2) to find out the optimal torque split ratio τ , which minimizes the predefined cost function at each time step.
Phase II: Once DOC is lit off, P1 will be shut off and P2 will be enabled as P2 is now more efficient in increasing the temperature of the aftertreatment system. The control objectives of phase II are 1) to maintain DOC temperature above the light-off temperature, 2) to regulate the SCR temperature to be within the desired range, and 3) to find out both the optimal torque split ratio τ and the optimal post-injection ratio γ.
In this paper, the prediction horizon is selected as 10 s. Optimal τ and γ are calculated based on a "Trust-Region Reflective" optimization method by using the command "fmincon" in MATLAB/Simulink.
In summary, the objectives of the model-based controller include:
• to deal with complicated system interactions;
• to predict the behavior of the powertrain-aftertreatment system, such as the catalyst temperature; • to minimize the equivalent fuel consumption by selecting optimal torque split ratio; • to heat up the catalysts to high conversion efficiency ranges by activating post injection and offer a robust tailpipe emission control.
IV. EVALUATIONS AND DISCUSSIONS
Here, the effectiveness of the proposed control algorithm is evaluated through a calibrated HEV simulator with system parameters from both an HEV city bus and an experimentally calibrated diesel-engine model. The engine torque, speed, exhaust temperature, and NO x emission are provided by the engine model. The catalyst temperature of each device is given by the thermodynamic model of the aftertreatment system.
In the validation, a part of Federal Test Procedure cycle, which includes several starts and stops, is implemented with different warm-up strategies, which are differentiated by weighting factor b in the cost function. Four different cases are investigated with b = 0, 10, 100, and 1000, respectively. It is called the baseline case when b = 0, which suggests that no particular warm-up strategy is implemented and post injections are disabled. In addition, by increasing the weighting factor, the system's effort in reaching and maintaining the target catalyst temperature is more prioritized.
The first plot in Fig. 8 shows the vehicle speed tracking performances for the four cases. As the results indicate, all the four control methods can fulfill the vehicle speed tracking performance requirement very well. In addition, from the vehicle speed, it can be seen that, in this driving cycle, frequent vehicle start-stop events exist. The HEV exhibits its advantages in recuperating braking energy during those events and reducing engine output power when necessary. However, compared with the conventional engine-alone powertrain, to warm up the aftertreatment devices in an HEV is more challenging and needs delicate balance of the costs on both sides. In the second plot, the results show that the engine torque values are slightly different for each case, which is caused by the selection of optimal torque split ratio τ with respect to different cost functions.
The controller's outputs of torque split ratios are given in Fig. 9 . The torque differences are small because heating up the aftertreatment system mainly relies on the implementation of post injections rather than increasing the workload of engines. Although powering up the engine can also increase the exhaust gas temperature, its contribution and efficiency are minor compared with post injections.
In Fig. 10 , the total fuel consumption values and battery SOCs for each case are compared. It is shown that the fuel consumption increases along with weighting factor b. The case with b = 1000 has about 12.7% higher fuel consumption that the baseline. As previously discussed, the utilizations of engine power are not significantly different among different strategies. Most part of the additional fuel cost is attributed to post injections. When weighting factor b is higher, the controller tends to activate post injection more frequently or intensely since the SCR catalyst temperature deviation is more emphasized.
In the second plot, the result shows that the SOCs for the strategies with post injections are generally higher than the baseline. However, the SOC does not proportionally increase with the total fuel consumption. It is mostly dependent on the controller's selection of optimal torque split ratio. Fig. 11 shows the injection rates for both P1 and P2. For the baseline case, both P1 and P2 are disabled. For the other three cases, it is shown that, before DOC catalyst reaches the light-off temperature, only P1 is enabled. As previously discussed, before the light-off, the oxidation reaction in DOC is not efficient. Thus, more late injection does not do much help with increasing the temperature. Only after the light-off temperature is reached will P2 be enabled and P1 is disabled. The injection quantity of P2 is optimized by selecting the proper P2 ratio ranging from 0 to 0.5 to minimize the cost function. In Fig. 12 , the post-injection ratio given by the controller is shown. It can be observed that, for the cases with higher b values, the controller tends to apply higher quantity of P2 at the earlier stage; thus, the catalyst temperature can be rapidly increased, although more fuel penalty is associated. Between 250 and 550 s, both post injections are mostly shut off as the catalysts are already heated up.
As a result of the different strategies of applying post injections, the temperature profiles of DOC and SCR are also different, which are shown in Fig. 13 . Without the help of post injection, the baseline takes more than 200 s to reach the lightoff temperature. For the other three cases, the DOC warm-up speeds are the same as P1 is kept at the same level, and the time is significantly shortened by almost 100 s. For the baseline, its SCR temperature never enters the desired temperature range, whereas the other three cases reached in different times and are able to stay in the range for most of the time afterward. It should be noticed that, for the case with b = 1000, an overshoot in SCR temperature is induced by the fast acceleration of the DOC temperature. This happens because the aftertreatment devices are cascaded and the thermal inertia of each device will cause transportation delay of temperature variation. Additionally, the system lacks an active mechanism to decrease the temperatures of the aftertreatment devices except for naturally cooling down after post injection is disabled. Thus, the catalyst temperature, particularly the temperature of SCR in the downstream, takes a while to decrease. At the end of the cycle, the SCR temperature starts to fall below the lower bound of the desired range. Then, the late post injection is enabled again. It is shown that the DOC temperature can be immediately increased. However, it takes some time before SCR temperature can be raised up again. Although overshoots and transportation delays exist for SCR temperature control, the controller can still significantly increase the aftertreatment devices' temperatures compared with the baseline and successfully maintain the temperature in the desired range for most of the time so that high catalyst conversion efficiency can be achieved.
In the last plot in Fig. 13 , it is shown that the SCR de-NO x efficiency values for the cases with warm-up strategies are much higher than those for the baseline case during the cycle. The efficiency for the case with b = 1000 elevates most quickly but dips a little due to the temperature overshoot.
It has been assumed that, once the light-off temperature is reached, the DOC and DPF catalyst can work very efficiently such that CO, THC emissions, and soot can all be eliminated [29] , [30] . In addition, in (12)- (14), it is shown that only part of NO is converted to NO 2 , but no additional NO x is generated in the oxidation reactions in DOC. Thus, only the engine-out NO x emissions are left as the sole regulated emissions in the exhaust gas to be removed by the downstream SCR. Since the influences of post injections on the formation of NO x are negligible, it is reasonable to assume that the NO x emissions at the engine exhaust pipe and the inlet of SCR are almost the same for each case. The first two plots in Fig. 14 compare the instantaneous engine-out and tailpipe NO x emissions for different cases. It is shown that engine-out NO x emissions are quite similar as the post-injection control strategy is carefully designed not to affect the engine-out NO x . However, the tailpipe NO x can be significantly different. This is because the SCR de-NO x efficiency values are different due to different catalyst temperatures. The accumulated tailpipe NO x emissions are compared in Fig. 14. The case with higher b has lower tailpipe NO x . For example, the total tailpipe NO x during the cycle for the case with b = 1000 is less than half of the total NO x for the baseline case with about 12.7% penalty on the fuel consumption. Fig. 15 quantitatively demonstrates the tradeoff between the fuel consumption and tailpipe NO x emissions based on the data obtained in this paper. It is shown that the NO x emission dramatically drops with the increased fuel consumption. In addition, weighting factor b determines the balance between these two factors. Although the quantitative benefits of the warm-up strategy are dependent on the vehicle driving cycles, it is believed by the authors that a careful selection or even an adaptive selection of weighting factor b should still be able to result in satisfactory improvements.
The control performance of the model-based controller is also affected by the model accuracy. The model developed in this paper is quite comprehensive and involved many parameters obtained through calibration from experimental data. It is difficult to obtain analytical sensitivity analysis or to examine each parameter's influence. However, major efforts of the modeling are made to predict the catalyst temperatures, i.e., T DOC , T DPF , and T SCR , whose dynamics are given in (10) . Most parameters' inaccuracies from either powertrain model or aftertreatment systems will impose inaccuracies of catalyst temperatures in the downstream of the whole system. In particular, the inaccuracy of modeled T Due to the different catalyst temperature regulations brought by different erroneous reference models, the performance indicators of the model predictive controller, i.e., the total fuel Fig. 18 . In Table VI, From this sensitivity analysis given, the impact of erroneous temperature estimation on the system's performance is demonstrated. It is shown that, with ±20% errors, which represent rather high model inaccuracy, the proposed control strategy still works, although the optimality of the results is compromised to some extent. The inaccuracy of the model is generally an issue for any model-based control. In practice, thermocouples can be installed to provide temperature information on the aftertreatment catalysts; hence, the core modeled states T ref DOC
and T ref SCR in this paper can be calibrated online, and higher model accuracy can be achieved.
V. CONCLUSION
In this paper, a control-oriented model has been developed by systematic integration of HEV models and aftertreatment thermal dynamic models, which are experimentally validated.
The integrated model is able to predict engine-out temperature and NO x emission and simulate the temperature dynamics of the aftertreatment system. Post injections' characteristics and influences are investigated and modeled. By coordinately implementing both early and late post injections, a warm-up strategy for diesel aftertreatment systems has been proposed in this paper. To simplify the controller design, two typical SOIs for early and late post injections are selected. Then, the warmup strategy essentially relies on the proper allocation of fuel amounts of both post injections. The entire warm-up process is divided into two phases, separated by whether DOC reaches light-off temperature. In each phase, the control objectives are different. The model predictive controller design is rooted in the understanding of post injections' characteristics, and it has an intuitive interpretation in terms of operating costs. The validation results show that the controller can successfully regulate the catalyst temperature to the desired range with a slight sacrifice of fuel economy. By changing the coefficient in the cost function, the tradeoff between the extra fuel consumption and emission reduction can be varied.
It should be noticed that the gain or the optimality of the warm-up strategy depends on the constraints and objectives. If the emission regulation is further tightened, it is inevitable to sacrifice a little more of fuel economy to have less emissions as an exchange. Moreover, for different driving cycles, the optimal weighting factor will be different too. However, the control strategy proposed in this paper will be still applicable if sufficient information on the future trip is provided.
For a long time, research studies on engines and aftertreatment systems were conducted separately with respective targets. Interaction between these two parts was kept to a minimum. This paper presents the synergy among motor, battery, engine, and aftertreatment systems and focuses on minimizing and balancing of the overall cost. The warm-up strategy proposed in this paper was performed without substantial changes in the engine setup. Only the parameters of the fuel injection itself were used as control variables. Possible efficiency gain for the current industrial standard HEV powertrain setups can be achieved by only modifying their control strategies.
